Introduction
Epitaxial layers of III-V compound semiconductors such as Ga x In 1Àx P are of considerable importance for optoelectronic devices, and GaInP/Ge heterostructure has been widely used in GaInP/(In)GaAs/Ge triple-junction solar cell. [1] [2] [3] Recently, triple-junction solar cell efficiency has reached 41.6% under 364 suns. 4) In Ge-based multi-junction solar cell, Ge junction can be formed by the diffusion of group V elements into p-Ge substrate. 5) Since phosphorus has a lower diffusion coefficient than arsenic in Ge, therefore, Ga 0:5 In 0:5 P, which has a negligible lattice mismatch with Ge of less than 3 Â 10 À4 at room temperature, serves as the nucleation layer grown on Ge substrate to form a relatively shallow p-n junction to increase the bottom junction photocurrent in triple-junction solar cells. 5, 6) Therefore, a high quality of GaInP film grown on Ge substrate is crucial to the performance of these devices.
However, the growth of polar on nonpolar semiconductors by metal-organic vapor-phase epitaxy (MOVPE) suffers from the anti-phase domains (APDs), leading to degraded optical and electrical properties. [7] [8] [9] The suppression of APDs through a combination of slight misorientation angle and high-temperature pre-growth surface treatment has been used in GaAs grown on Ge substrates. 10) In contrast to GaAs layer on Ge, GaInP may result in more serious problems, such as more defects, the interdiffusion between Ge and GaInP film and rough morphology. A great deal of efforts were focused on the improvement of GaInP electrical properties, while a smooth surface is beneficial to the formation of an abrupt heterointerface and is critical to the minimization of interface defect density.
In this paper, we studied the surface morphologies of GaInP films grown on Ge by different growth parameters. It is found that a high temperature pre-annealing of Ge substrate in PH 3 before growth is significant to obtain a smooth GaInP surface. Meanwhile, the highly disordered GaInP film and the neat interface between Ge and GaInP were grown with the assistance of a high temperature pregrowth treatment.
Experimental Procedure
The GaInP films were grown by MOVPE on p-type Ge substrates with an orientation (100) 6 and 9 off towards the h111i direction using trimethylgallium (TMGa) and trimethylindium (TMIn) as the group III sources, PH 3 as the group V source, silane (SiH 4 ) as an n-type dopant, and palladium purified H 2 as the carrier gas. In the experiment, different pre-growth treatments of the Ge substrates before GaInP growth were performed. The first one is that the Ge substrate is heated up to 675 C with flowing H 2 and then were annealed at the same temperature in PH 3 environment for 10 min, while 700 C is used in the second case. After these treatments, the nominally undoped and Si-doped GaInP (carrier concentration is about 1 Â 10 18 cm À3 ) epitaxial layers were grown at 675 C with a thickness of 210 nm. GaInP has a lattice mismatch to Ge of less than 3 Â 10 À4 which was determined by double-crystal X-ray diffraction (XRD) measurement.
11) Surface morphologies were characterized by using a Nanoscope III atomic force microscope (AFM) in the tapping mode. Etched singlecrystalline Si tips were used with an end radius of about 5 nm, and a side wall angle of about 35
. Scan rates of 1-2 lines per second were used and data were taken at 512 points/line and 512 lines per scan area. Scan sizes were 5 Â 5 m 2 .
Results and Discussion
A1 and A2 in Fig. 1 show the AFM of two GaInP films with different bake-out temperatures in the hydride environment of PH 3 (A1 is treated at 675 C and A2 at 700 C). As can be seen from the figure, A1 shows a larger random distribution of peaks with different height, and as a result, a larger rootmean-square (RMS) average roughness is obtained. The RMS changed from 1.76 nm at 675 C to 0.918 nm at 700 C strongly indicates that a high temperature annealing of Ge substrate in PH 3 is significant to the improvement of the surface morphology of GaInP film grown on Ge.
Following the initial annealing of Ge substrate in PH 3 at 700 C, GaInP films with different doping densities and different misoriented substrate angles were grown. The AFM images are shown in B1, B2, C1, and C2 of Fig. 1 , respectively. From the data in Table I , the RMS of GaInP layer is decreased with Si doping compared with the nominally undoped one. When the substrate misoriented angle increased from 6 to 9
, the RMS of nominally undoped GaInP decreased from 1.260 to 0.918 nm, while the Si-doped GaInP decreased from 1.120 to 0.851 nm. A similar behavior is also observed for GaInP grown on GaAs substrate with different doping densities and misoriented substrate angles. The surface morphology of GaInP is strongly dependent on the growth temperature, substrate misoriented angle and dopant. It has been extensively studied that a highly disordered GaInP structure will result in a smooth surface. 12, 13) The surface of an epitaxially grown film is composed of many facets, and high RMS means that local facets are randomly distributed with an averaged high angle for the ordered GaInP. The improved surface morphology of GaInP on Ge indicates that a highly disordered GaInP film was grown with Si-doping and a larger substrate misoriented angle, which can be evidenced by the Raman measurements. Figure 2 shows the typical Raman spectra of GaInP. The three peaks at $330, $360, and $380 cm
À1
which are identified as a transverse-optical (TO), the InPlike longitudinal-optical (LO), and the GaP-like LO phonon peaks, respectively. 14) The ratio of the depth of the valley between the two LO peaks (b and a shown in the figure) implies a measurement of the ordering of GaInP. 15, 16) The ratio of b/a for Si-doped GaInP is 0.45 while the nominally undoped GaInP is 0.33 which indicates that a highly disordered GaInP is obtained with Si doping. The increase of Si doping density and substrate misoriented angle can lead to a highly disordered structure owing to the increase of Ga and In diffusion coefficients to suppress the nucleation of islands in favor of step propagation.
13) The low Si doping density needed to obtain the highly disordered GaInP in our case is benefit from the fact that a large misoriented angle substrate was used.
For GaInP grown on Ge substrate, the surface morphology is determined not only by its intrinsic property, such as order and disorder etc., but also by the effect of Ge substrate, especially the interface between Ge and GaInP. The above experimental observation indicates that the RMS change C, respectively; topography B1 and B2 are Ge wafers before and after annealing in PH 3 at 675 C, respectively; topography C1 and C2 are Ge wafers before and after annealing in PH 3 at 700 C, respectively. The scan sizes were 5 Â 5 m 2 . Table I . List of AFM analytical data for all the investigated films, and roughness-related parameters of the topography AFM images in Fig. 1 of GaInP film due to the interface is negligible compared to the change resulting from GaInP intrinsic property. In our sample, the neat interface between Ge and GaInP was evidenced by the transmission electron microscope (TEM) results. Figure 3 shows a high resolution crosssection TEM image of the Si-doped GaInP film grown on 6 miscut Ge substrate (sample B2). Before GaInP growth, the substrate was annealed in PH 3 environment for 10 min at 700 C. It exhibits well aligned atomic planes between the GaInP epitaxial layer and the Ge substrate and indicates a clear interface between Ge and Si-doped GaInP and the absence of any dislocations in the GaInP layer. And the transmission electron diffraction (TED) pattern in the inset of Fig. 3 indicates a disordered GaInP film was obtained which is consistent with the Raman results shown in Fig. 2 .
In order to study the effect of the high temperature annealing with PH 3 to Ge substrate further, we also examined the surface morphologies of Ge substrate after pre-annealing in the environment of PH 3 before the growth of GaInP film. D1 and D2 in Fig. 4 present the AFM images of the epiready Ge substrate and pre-treated Ge substrates at 700 C in PH 3 . The RMS of the epiready substrate changes from 0.339 to 0.270 nm after annealing at 700 C in PH 3 , meaning that this kind of annealing is benefit to getting a smoother surface of Ge substrate. It is interesting to note that the improved surface morphology of annealed Ge substrate is different from the previous results reported by Rey-Stolle et al. 17) In their study, they found that the hydride annealing at 640 C caused a degradation of the surface of Ge substrate, and suggested that it cannot be interpreted in terms of PH 3 etching the Ge surface. 17, 18) Because a high temperature baking at 700 C before PH 3 annealing at 640 C has also been performed to the samples in ref. 17 , the different behaviors between ours and ref.
17 cannot yet be fully understood. Many unexpected phenomena occurring during the epitaxial growth on the nominally identical Ge substrates indicates that the different exposure environments and different substrates may result in this difference.
The pre-treatment of Ge substrate is significant to the surface morphology of GaInP nuclear layer. It strongly depends on the desorption degree of possible carbon and/or oxide on Ge substrate at a certain annealing temperature. A high annealing temperature is helpful to bake out the possible carbon and/or oxide on Ge substrate. Carbon contamination is very significant in Ge surface. [19] [20] [21] It has been proposed that carbon pins step movement prior to nucleation, therefore the material tends to accumulate around the points with a high concentration, being a source for the defects and inhomogeneities during epitaxial growth. 17, 19) In other words, the residual carbon and/or oxide on Ge substrate would be the seed for generating morphology and epitaxial material quality problems. The difference of the RMS of sample A1 and A2 shown in Table I verified this behavior. In addition, the photoluminescence intensity of sample A1 is much lower than the case of sample A2, which was not shown here. A low annealing temperature might remain the carbon and/or oxide contamination and therefore, a poor surface morphology of GaInP film appears.
Conclusions
In conclusion, a relatively high annealing temperature is important to obtain a mirror-like surface of GaInP film to avoid an incomplete carbon and/or oxide desorption in the case of a low temperature annealing. Meanwhile, an improved surface morphologies of GaInP with silicon doping and increased Ge substrate misoriented angles were also observed, which were attributed to the highly disordered GaInP material and the neat interface between Ge and GaInP. h111i Ge substrate. The white dash line indicates the interface of Ge and Si-doped GaInP. The inset is the TED patterns in the (110) cross-section from both the Ge substrate and Si-doped GaInP. h111i Ge wafers presented. Topography D1 and D2 are Ge wafers before and after annealing in PH 3 at 700 C respectively. The scan sizes were 5 Â 5 m 2 .
